Reversible phosphorylation of thylakoid light-harvesting proteins is a mechanism to compensate for unbalanced excitation of photosystem I (PSI) versus photosystem II (PSII) under limiting light. In monocots, an additional phosphorylation event on the PSII antenna CP29 occurs upon exposure to excess light, enhancing resistance to light stress. Different from the case of the major LHCII antenna complex, the STN7 kinase and its related PPH1 phosphatase were proven not to be involved in CP29 phosphorylation, indicating that a different set of enzymes act in the high-light (HL) response. Here, we analyze a rice stn8 mutant in which both PSII core proteins and CP29 phosphorylation are suppressed in HL, implying that STN8 is the kinase catalyzing this reaction. In order to identify the phosphatase involved, we produced a recombinant enzyme encoded by the rice ortholog of AtPBCP, antagonist of AtSTN8, which catalyzes the dephosphorylation of PSII core proteins. The recombinant protein was active in dephosphorylating P-CP29. Based on these data, we propose that the activities of the OsSTN8 kinase and the antagonistic OsPBCP phosphatase, in addition to being involved in the repair of photo-damaged PSII, are also responsible for the HL-dependent reversible phosphorylation of the inner antenna CP29.
INTRODUCTION
Plants are exposed to rapid changes of their environment resulting in abiotic-type stresses that account for most of the productivity loss in crop species and primarily target the photosynthetic apparatus (Navabpour et al., 2003) . Indeed, the efficiency of mechanisms that regulate photosynthesis is critical for plant productivity due to their ability to minimize oxidative damage from over-excitation resulting from fluctuations in light intensity and/or changes in spectral composition of light within canopies (Nelson and Ben-Shem, 2004) .
State transitions (STs) and non-photochemical quenching (NPQ) are two major mechanisms for the rapid and reversible acclimation of the photosynthetic electron transfer chain to changing light. Indeed, (i) STs operate in limiting light by balancing the excitation energy delivery to photosystem I (PSI) versus photosystem II (PSII), allowing for optimal photon use and avoiding plastoquinone (PQ) over-reduction and photoinhibition ; and (ii) NPQ, through its main component qE (Horton et al., 1996; de Bianchi et al., 2010; Niyogi and Truong, 2013) , catalyzes the thermal dissipation of energy absorbed in excess. STs are inhibited in high light (HL; Rintamaki et al., 1997) , whereas excess light activates qE through thylakoid lumen acidification. This acidification occurs due to the inhibition of ATP synthase by lack of its ADP substrate, when the catalytic rate of the Calvin-Benson cycle is exceeded. Over-excitation of PSII versus PSI activates STs by reducing PQ (Allen and Staehelin, 1992) and promoting the phosphorylation of stroma-exposed threonine residues in trimeric LHCII by the STN7 kinase (Bellafiore et al., 2005; Rochaix et al., 2012; Betterle et al., 2015) . In Arabidopsis thaliana, a fraction of the phosphorylated LHCII, enriched in LHCB2 (Pietrzykowska et al., 2014; Crepin and Caffarri, 2015; Longoni et al., 2015) , diffuses from grana partitions, where it participates to the PSII antenna system, towards stroma-exposed membranes where it increases PSI antenna size (Bassi et al., 1988; Galka et al., 2012) . The STN7 activity is inhibited in HL through the reduction of a sulfur bridge (Shapiguzov et al., 2016) . Upon inactivation of the kinase, the PPH1/TAP38 phosphatase (Pribil et al., 2010; Shapiguzov et al., 2010) reverses the process.
Besides LHCII, other PSII subunits including the PSII core proteins CP43, D1 and D2, are phosphorylated and this is fundamental for the turnover of components damaged by oxidative stress (Aro et al., 1994) . This second type of phosphorylation, which is not prevented by HL, is catalyzed by the STN8 kinase (Bonardi et al., 2005; Nath et al., 2013a) and reverted by PBCP phosphatase ). An additional HL-dependent phosphorylation event is restricted to monocots and consists of phosphorylation of the CP29 subunit of PSII, which connects the LHCII-M trimer to PSII core complex (Bergantino et al., 1995 (Bergantino et al., , 1998 Hwang et al., 2003; Pursiheimo et al., 2003; Caffarri et al., 2009; Chen et al., 2009; Liu et al., 2009) . CP29 phosphorylation enhances NPQ (Mauro et al., 1997; Betterle et al., 2015) and is STN7-independent (Betterle et al., 2015) , whereas the kinase/phosphatase gene products involved are yet unknown. The functional redundancy for PSII core protein phosphorylation between STN7 and STN8 kinases is reduced in rice with respect to Arabidopsis (Nath et al., 2013a) , leading to the hypothesis that STN8 might be involved in CP29 phosphorylation.
In this report, we analyze wild-type (WT), stn8 knockout, STN8 overexpressor and stn7 rice genotypes to show that STN8 is the kinase responsible for CP29 phosphorylation. We also identify the enzyme involved in CP29 dephosphorylation. These findings open the way to the transfer of said process from monocots to dicots with the aim of increasing crop resistance to abiotic stresses.
RESULTS
Previous work on CP29 phosphorylation showed that it was independent from STN7 (Betterle et al., 2015) . Moreover, the early observation that HL enhanced CP29 phosphorylation rather than inhibiting it suggested that STN8 might be the kinase involved in this activity.
In order to verify this hypothesis, we used the stn8 rice mutant (Nath et al., 2013a) , and compared its CP29 phosphorylation behavior with that of other mutant lines recently described (Nath et al., 2013a; Betterle et al., 2015) . Mutant rice lines stn7, stn8, pph1, a complemented line overexpressing STN8 (OE-STN8) and their respective WT cultivars were either maintained in the dark (D) or exposed to excess light (HL, 1500 lmol photons m À2 sec À1 , 28°C) for 60 min, after which thylakoid membranes were purified and their polypeptides analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) followed by immunoblot using anti-CP29 antibody (Figure 1 ). Two bands were detected, and the slow migrating one corresponded to phosphorylated CP29 (P-CP29) as previously described (Bergantino et al., 1995; Hwang et al., 2003; Betterle et al., 2015) . The upper band was present in HL-treated samples with a similar abundance, whereas it was absent in the sample from stn8 despite HL treatment, implying that STN8 and not the STN7 kinase was involved in the formation of P-CP29 in rice. Indeed, HL treatment (1500 lmol photons m À2 sec À1 , 30 min 24°C) induced the appearance of a new sharp Coomassie-stained band with an apparent molecular weight (MW) of 30 kDa in WT samples, which was absent in the stn8 genotype (Figure 2a ). Immunoblot analysis using anti-CP29 antibody showed two bands of, respectively, 30 and 28 kDa in the sample from HL-treated WT. In contrast, samples from dark-adapted (D) WT and from stn8, either D or HL, only showed the low MW form of CP29. The intensity of the 28-kDa band was decreased by approximately 50% in HL WT versus D as quantified from both the Coomassiestained gel and the anti-CP29 antibody reaction. Immunoblot with anti-phosphothreonine (P-Thr) antibody on the same samples revealed three major bands at, respectively, 40, 33, 30 kDa apparent MW, corresponding to P-CP43, P-D2 and P-D1, according to a previous report (Nath et al., 2013a) . The intensity of the two lower MW bands was strongly increased in the HL versus D WT samples, whereas no such increase was detected in the stn8 samples (Figure 2b ). Immunoblot analysis using antibodies Figure 1 . The STN8 protein kinase of rice is required for CP29 phosphorylation. Immunoblot analysis of thylakoids isolated from Oryza sativa wild-type (WT; Hw, cv. Hwayoung; Np, cv. Nipponbare; Zh, cv. Zhonghua 11) and mutant plants recently described (Betterle et al., 2015; Nath et al., 2013a) . Before thylakoid isolation, leaves were dark-adapted for 12 h (D) and then treated with white light [high light (HL); 1500 lmol photons m À2 sec À1 ] for 60 min. Tris-Gly sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 10% acrylamide plus urea 2 M; Immunoblot was performed using anti-CP29 polyclonal antibody (Agrisera); 2 lg total chlorophylls (Chl) per lane. specific for CP29, D1 and D2 showed that P-CP29 comigrated with P-D1 (Figure 2b ). In order to verify whether the low-MW anti-P-Thr-reactive band could be P-CP29 comigrating with P-D1, we fractionated thylakoid proteins by sucrose-gradient ultracentrifugation upon solubilization with b-dodecylmaltoside (DDM), as previously reported (Betterle et al., 2015) , and probed separately monomeric LHC proteins (including CP29) and PSII core components, which are characterized by a different sedimentation velocity in the gradient (Figure 3a) . The polypeptides from the upper, Chl b-enriched, gradient band were depleted of PSII core components, whereas the lower, Chl a-enriched gradient band contained PSII core complexes as shown by their reactivity to anti-D1 and anti-D2 antibodies while lacking CP29 (Figure 3b ). When probing the two bands from the gradient with anti P-Thr antibody (Figure 3c ), three bands were detected in the PSII core fraction with a migration pattern similar to that observed in HL-treated thylakoids. Thus, these bands corresponded to P-CP43, P-D1 and P-D2. Instead, the monomeric antenna fractions from HL samples contained a single P-Thr reactive band with a 30-kDa apparent MW. No signal was detected in the dark-adapted sample ( Figure 3c ). We conclude that P-CP29 and P-D1 comigrated in SDS-PAGE from whole thylakoid samples, clarifying why the HL-dependent phosphorylation of CP29 remained undetected in previous work with the rice stn8 mutant (Nath et al., 2013a) . The involvement of STN8 kinase in CP29 phosphorylation and the upper limit of 50% P-CP29 versus unphosphorylated CP29 suggested a fraction of this protein is not accessible to the kinase. We thus proceeded to determine its distribution among thylakoid domains. To this aim, we isolated intact chloroplasts and thylakoids from darkadapted WT rice plants and, upon SDS-PAGE, detected STN8 by immunoblot analysis with anti-STN8 antibody. Thylakoids from stn8 plants were also included as a control of the anti-STN8 reaction (Figure 4 ). The STN8 gene product was detected with the same intensity in chloroplasts and thylakoid samples consisting with STN8 being fully bound to the thylakoid membrane. A faint background signal was present in the sample loaded with thylakoids from stn8 rice plants, although with slightly higher apparent MW. To determine STN8 protein accumulation level, compared with STN7, in greenhouse-grown plants, his- tagged STN8 and STN7 were expressed in Escherichia coli and recovered as inclusion bodies. Recombinant proteins were then purified by affinity chromatography in denaturating condition, and the purity of the recombinant proteins was determined by SDS-PAGE ( Figure 5a ). Coomassie binding capacity of STN7 and STN8 was normalized based on the content in basic residues and aromatic residues (Syrovy and Hodny, 1991) . Different amounts of the recombinant proteins were loaded together with rice WT thylakoids, and an immunoblot analysis was performed using antibodies specific for the two kinases ( Figure 5b and c). The signal obtained from the recombinant proteins was used to generate a calibration line to determine the relative amount of the two kinases in thylakoid membranes based on the intensity of immunoblot signals yielded by the recombinant proteins and by the endogenous kinases in thylakoid samples. We obtained a content of STN7 in thylakoids approximately twice as high with respect to STN8. An additional factor is the distribution of these enzymes among thylakoid domains: to assess thylakoid domain distribution of STN8 and STN7 kinases, we proceeded to solubilize stacked thylakoid membranes by using increasing concentrations of a-DDM, a treatment that preferentially solubilizes stroma-exposed thylakoid membranes and allows to harvest fractions of paired grana membrane discs of different diameter by differential centrifugation (Morosinotto et al., 2010) . Consistent with previous reports (Pinnola et al., 2015) , the Chl a/b ratio decreased in the pellet fraction by increasing the detergent concentration (Table 1 ). The SDS-PAGE analysis of these fractions showed that ATPase, which is a protein complex restricted to stroma membranes (Staehelin and Arntzen, 1983) , could not be detected in the collected membranes upon treatment with high a-DDM concentrations ( Figure 6 ), whereas LHCII polypeptides were enriched. The efficiency of the fractionation was further confirmed by the increased detection of CP43 and CP29 as markers for PSII, and depletion of LHCI, a marker for PSI. In particular, CP29 was progressively enriched in the pellet fractions, whereas LHCI content declined. Detection of STN7 and STN8 kinases in these fractions using anti-STN7 and anti-STN8 antibodies ( Figure 6 ) showed that STN7 was fully depleted from membranes collected upon treatment with a-DDM as in the case of ATPase. The pattern obtained with anti-STN8 antibody was, however, different because a detectable level of STN8 was present in the pellet even at higher a-DDM concentrations, a condition where the membranes are highly enriched in PSII core subunits and thus correspond to the inner region of grana partitions (Pinnola et al., 2015) . Thylakoids from stn8 plants were also included as a control of the anti-STN8 reaction. Thus, both STN7 and STN8 mainly partitioned in stromaexposed membranes, as evaluated by the ready solubilization of a large fraction of both antigens at low a-DDM concentrations. However, whereas further solubilization rapidly led to STN7 depletion, a significant fraction of Figure 5 . Determination of STN7 and STN8 kinases relative amount in isolated thylakoids. His-tagged proteins were purified by affinity chromatography and checked in Tris-Glycine sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Immunoblot analyses were performed using anti-STN7 and anti-STN8 antibodies on these fractions and on thylakoid (WT-Thyl) samples isolated from wild-type (WT) plants; 0.75, 1.5 and 3 lg Chls per lane were, respectively, loaded for WT Thyl, WT Thyl -2X and WT Thyl -4X. Quantification analysis was performed with a second independent preparation of thylakoids giving a similar result. Thylakoids from WT plants (WT-Thyl) and pellet fractions were obtained with differential solubilization, as previously described (Morosinotto et al., 2010; Pinnola et al., 2015) . The spectrum of the 80% acetone-extracted pigments was analyzed by fitting the spectra of the individual pigments in acetone as previously described (Croce et al., 2002) . stn8 thylakoids were used as control. WT, wild-type.
STN8 was still detected in fractions corresponding to grana-partitions-derived regions. We calculated the content of STN8 in solubilized membranes by densitometry analysis of the corresponding Western blot signal (Figure 6 ), normalized to the amount of STN8 present in the insolubilized thylakoids. We obtained a figure of 18 and 3% STN8 detectable in the membranes solubilized with the two highest a-DDM concentrations with respect to its content in whole thylakoids. STN7 was no longer detectable in these two solubilized fractions. It was recently reported that STN7 and PPH1 are involved in phosphorylation of LHCII but not of CP29 in rice (Betterle et al., 2015;  Figure 1 ). We thus proceeded to verify whether dephosphorylation of CP29 was catalyzed by PBCP phosphatase, responsible for PSII core components dephosphorylation in A. thaliana . Because a knockout line of the PBCP rice ortholog is not available, we proceeded to the preparation of recombinant OsPBCP. To this aim, we identified a putative sequence in rice (LOC_Os01g07090) based on the phylogenetic analysis of AtPBCP orthologs . The mature coding sequence was amplified from cDNA Oryza sativa cv. Nipponbare, excluding the transit peptide sequence deduced through bioinformatic analysis with ChloroP. An N-terminally HIS-tagged PBCP (rPBCP) was expressed in E. coli, followed by affinity chromatography in denaturing conditions. Upon verification of eluted fractions with SDS-PAGE (Figure 7a ), fraction rPBCP-EL.3 was refolded in vitro according to a previously described protocol (Pribil et al., 2010) . The phosphatase activity of rPBCP was verified using para-nitrophenylphosphate (pNPP), as previously described . The specific activity was enhanced by the presence of dithiothreitol (DTT), Mn 2+ cation and a-DDM (Figure 7b ). On this basis we conclude that an active recombinant OsPBCP was successfully obtained. Fractionation of wild-type (WT) thylakoid membranes as previously reported (Morosinotto et al., 2010) through solubilization with increasing amounts of a-dodecylmaltoside (a-DDM; Pellet-X%, where X% represents the final concentration of the detergent), followed by centrifugation for separating solubilized membranes from unsolubilized ones. The obtained fractions were used for the determination of STN8 and STN7 kinase localization in thylakoid membranes, using the analyses with antibodies against CP43, CP29 and LHCA as indicators for grana or stroma exposed membranes enrichments. Immunoblot analyses were performed using anti-STN7 and anti-STN8 antibodies; 1.5 lg Chls per lane. Fractionation analysis was repeated giving a similar result. [Colour figure can be viewed at wileyonlinelibrary.com].
We then proceeded to verify if rPBCP was active specifically on P-CP29. To this aim we used as substrate thylakoids isolated from HL-treated rice WT plants. The substrate was incubated for different time lengths either with or without rPBCP. After incubation, the reaction mixtures were precipitated in cold acetone and loaded on an SDS-PAGE followed by immunoblot analysis with the anti-CP29 antibody. rPBCP was effective in dephosphorylating P-CP29 contained in thylakoids as judged from the complete depletion of the P-CP29 band upon 2 h treatment ( Figure 7c ) with a corresponding accumulation of CP29.
Dephosphorylation activity was also detected in samples without the addition of rPBCP, possibly due to the presence of the endogenous enzyme OsPBCP in traces. Also, we solubilized HL-treated thylakoids with a-DDM and purified monomeric antenna complexes, including P-CP29, by sucrose gradient ultracentrifugation. This monomeric LHC fraction was used as the substrate for rPBCP, whose activity was followed by using anti-P-Thr antibody, capable of recognizing P-CP29 (Figure 7d) . Upon 2 h treatment with rPBCP, P-CP29 was totally absent, while no dephosphorylation activity was detected in the samples incubated without the recombinant enzyme. The specific activity of rPBCP against P-CP29 versus P-LHCII was also determined. WT rice leaves were treated with PSII-specific light for inducing LHCII phosphorylation (Pesaresi et al., 2009) , and trimeric LHCII was purified by sucrose gradient centrifugation. Assay of P-LHCII with anti-P-Thr showed that 2 h incubation of P-LHCII with rPBCP yielded a very low decrease in P-LHCII (Figure 7e) , if any. The P-LHCII signal was still evident upon overnight treatment, although decreased. Thus, the activity of rPBCP on P-LHCII was far lower than on P-CP29.
DISCUSSION
High light-induced phosphorylation of CP29 was reported in monocots, including corn, rye, barley and rice (Bergantino et al., 1995; Mauro et al., 1997; Hwang et al., 2003; Pursiheimo et al., 2003; Chen et al., 2009 Chen et al., , 2013 Liu et al., 2009 ); yet, the identity of the kinase is unknown. Despite OsCP29 (LHCB4) is a member of the LHC protein family, sharing high homology to LHCII including a similar structural organization (Liu et al., 2004; Pan et al., 2011) , it is not phosphorylated by the STN7 kinase (Betterle et al., 2015) , responsible for activity on LHCII (Bellafiore et al., Figure 7 . Recombinant PBCP of rice is able to dephosphorylate P-CP29. (a) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of fractions resulted from affinity chromatography for purification of recombinant PBCP-HisTag in denaturant condition; 1 lg bovine serum albumin was loaded as a reference. (b) In vitro spectrophotometric assay of recombinant PBCP activity upon in vitro refolding. The dephosphorylation of para-nitrophenylphosphate (pNPP) was measured by the increase in absorption at 405 nm in 1-mL reaction volumes containing 1 lg recombinant PBCP, 300 mM NaCl, 50 mM HEPES, pH 8.0, 10 mM pNPP, and the additives indicated. Error bars represent the SD of triplicate measurements. (c) Thylakoid membranes were collected from high light (HL)-treated leaves of wild-type (WT) plants. Samples (1 lg Chls) were finally incubated for 2 h/ overnight in the presence/absence of purified recombinant PBCP (1 lg). Immunoblot analysis was performed using anti-CP29 antibody. (d) Monomeric antenna complexes were purified by sucrose gradient fractionation of solubilized thylakoids used in (c). Samples (0.25 lg Chls) were treated as above. Immunoblot analysis was performed using anti-phosphothreonine (P-Thr) antibody. (e) Trimeric LHCII complexes were purified as in (d), using thylakoids isolated from leaves treated with photosystem II (PSII)-enriched light. Samples (0.25 lg Chls) were treated as above. Immunoblot analysis was performed using anti-P-Thr antibody. [Colour figure can be viewed at wileyonlinelibrary. com].
2005). This is surprising as CP29 and LHCII are near-neighbors within PSII supercomplexes (Bassi and Dainese, 1992; Boekema et al., 1999; Caffarri et al., 2009 ). The second-best candidate for the role of CP29 kinase is the STN8 kinase because it is the only known threonine kinase enzyme, besides STN7, associated to maize thylakoids (Friso et al., 2010) . Moreover, differently from STN7, it is not inhibited by HL (Bonardi et al., 2005; Vainonen et al., 2005) , a property consistent with CP29 phosphorylation occurring under excess light (Bergantino et al., 1995) . Indeed, STN8 was shown to act on non-homologous and structurally unrelated substrates, i.e. the different PSII core proteins (Bonardi et al., 2005; Nath et al., 2013a) .
The comparison of O. sativa WT and thylakoid kinase mutants, either dark-adapted or HL-treated, clearly showed that P-CP29 could not be detected in the absence of STN8 kinase. This result was evident upon analysis by SDS-PAGE followed by immunoblot (Figure 1) or by Coomassie stain (Figure 2a ). Due to the slower migration of rice P-CP29 with respect to CP29 in SDS-PAGE gels (Bergantino et al., 1998; Hwang et al., 2003; Chen et al., 2009; Liu et al., 2009) , CP29 phosphorylation in rice was previously unrecognized (Nath et al., 2013a) : in fact, P-CP29 co-migrates with heavily phosphorylated D1 and D2 subunits that form diffuse bands over the~30 kDa MW range (Figure 2b) . Here, we show that the combined use of a CP29 antibody and a high-resolution gel system allows for a clear detection of P-CP29 (Figure 2a) . Moreover, a complete separation among P-PSII core subunits versus P-CP29 can be obtained by a pre-fractionation of the thylakoid membranes using sucrose gradient ultracentrifugation (Figure 3a) . This technique allowed to separate solubilized complexes of different MWs; indeed, PSII core is a complex of 300 kDa including P-CP43, P-D1 and P-D2, instead P-CP29 is a smaller monomeric holoprotein of~40 kDa including chlorophyll and carotenoid co-factors (Figure 3a-c) . We conclude that the long-seeked CP29 kinase can be indeed identified with OsSTN8.
CP29 is not the only substrate of OsSTN8. Rather, this kinase retains the main substrates previously determined for the ortholog enzyme in A. thaliana, namely CP43, D1 and D2 (Bonardi et al., 2005; Vainonen et al., 2005) , as shown by the lack of P-CP43, P-D1 and P-D2 bands in immunoblots from HL-stn8 thylakoids (Figure 2b ). The inclusion of CP29 as a substrate for OsSTN8 may depend on differences in the kinase or in the structure of CP29. OsCP29 is encoded by a single gene in rice (Loc_Os07 g37240), whereas three different orthologs are present in A. thaliana (LHCB4.1, AT5G01530; LHCB4.2, AT3G08940; LHCB4.3, AT2G37140). It was shown by sequence alignments that the three isoforms of AtCP29 are highly conserved to the rice ortholog gene, and even the phosphorylation site of OsCP29, threonine-82, is maintained (Betterle et al., 2015) , suggesting changes in the kinase structure are responsible for the wider substrate specificity. This is supported by two evidences: (i) only traces of P-CP29 were found in Arabidopsis as a result of STN7 kinase activity (Tikkanen et al., 2006; Fristedt and Vener, 2011) ; (ii) OsSTN8 and AtSTN8, although sharing high similarity in the C-terminal catalytic domain, are divergent in their N-termini, a domain suggested to be involved in substrate binding (Betterle et al., 2015) .
A further substrate-related observation concerns the P-CP29/CP29 ratio that can be obtained with different durations of the HL treatment and was observed to tend to 1:1 without exceeding this value even upon long exposure. This seems a general feature in several species, including corn (Bergantino et al., 1995) that cannot be easily rationalized. One hypothesis is based on the dimeric structure of PSII supercomplexes (Santini et al., 1994; Boekema et al., 1999) and assumes that the kinase might have access to one monomer only. Verification of this hypothesis is difficult, as even the mildest solubilization of thylakoid membranes cannot preserve interactions between PSII and the STN7 or STN8 kinases (Lemeille et al., 2009 ). We observed that the level of CP29 phosphorylation in HL-treated WT and overexpressing STN8 plants was equal (Figure 1) , implying that the amount of STN8 kinase was not a limiting factor and suggesting the topological distribution of the kinase could be important. It should be considered that STN8 requires the reduction of cytochrome b 6 f (cyt b 6 f) for its activation: indeed, no phosphorylation of CP29 was observed in the presence of DCMU or DBMIB (Pursiheimo et al., 2003; Betterle et al., 2015) , two compounds blocking electron transfer from PSII to cyt b 6 f, suggesting a mandatory interaction between STN8 and reduced cyt b 6 f. The latter was recently shown to be distributed not only in the stroma lamellae but also in the grana domain (Johnson et al., 2014) , where the STN8 substrate (CP29) is also present. The kinase access to 50% of CP29 could be explained by the localization of the kinase within a specific (sub)domain of grana partitions that hosts PSII supercomplexes including CP29 in contrast with non-CP29 PSII complexes that can be also found in stroma-exposed thylakoid domains and agranal chloroplasts . However, the fraction of CP29-depleted PSII complexes was shown to be very low (Santini et al., 1994) . The thylakoid content of STN7 was twice as high as STN8 ( Figure 5 ) and was excluded from grana stacks, showing a behavior similar to the ATPase. Instead, a significant fraction of STN8 was located in preparations of grana partitions in agreement with previous reports in A. thaliana (Wunder et al., 2013; Figure 6 ). This different distribution was evident even upon treatment with the highest detergent strength that trims away grana margins (Morosinotto et al., 2010; Pinnola et al., 2015) . Thus, the presence of STN8 in grana domains, different from STN7, is consistent with the presence of both its activator and its substrate. Although present in grana membranes, OsSTN8 is mostly removed by DDM final concentrations of 0.75%, implying the center of grana partitions was strongly depleted of both kinases ( Figure 6 ). Indeed, the mobility of PSII complexes within grana membranes appears to be limited (Kirchhoff, 2014) . We suggest that the major reason for limitation of P-CP29 phosphorylation level to 50% is the lack of OsSTN8 from the center of grana disks.
As for the difference between monocots and dicots, the finding that OsSTN8 was localized in similar thylakoid domains as AtSTN8 supports the conclusion that phosphorylation of CP29 in rice is allowed by some critical differences in the sequences of Arabidopsis and rice STN8, as previously suggested (Betterle et al., 2015) , rather than by their differential localization in thylakoid membranes.
Phosphorylation events are regulated by antagonistic kinase/phosphatase pairs; thus, we attempted identification of the phosphatase acting on P-CP29. PPH1 phosphatase was recently shown not to be involved in the process of CP29 dephosphorylation (Betterle et al., 2015) . We verified the hypothesis that the enzyme antagonist to STN8 activity for PSII core phosphorylation, namely PBCP in A. thaliana , was involved. The ortholog maize gene product (gene model GRMZM2G003096_P01) was found to be intrinsic of thylakoid membranes, as for maize PPH1 ortholog (Friso et al., 2010) . Because no additional phosphatases were detected by proteomic analysis (Friso et al., 2010) , the hypothesis appeared to be well grounded. The ortholog sequence from rice expressed in E. coli (Figure 7a) showed an activity strictly dependent on the presence of both Mn 2+ cation and DTT, which could be significantly increased in the presence of a-DDM (Figure 7b ), in agreement with previous reports with AtPBCP . We observed that recombinant OsPBCP (rPBCP) was highly active and capable of fully dephosphorylating P-CP29 in thylakoid membranes isolated from HL-treated WT rice leaves (Figure 7c ). Dephosphorylation activity of rPBCP on P-CP29 was far higher than on P-LHCII (Figure 7d and e), suggesting P-CP29 rather than P-LHCII is its physiological substrate. These results further supported the assessment that OsPBCP protein is not only responsible for PSII core subunit dephosphorylation, as previously observed in A. thaliana , but it is also responsible for P-CP29 dephosphorylation in monocots. Although the absence of a rice pbcp mutant does not allow to prove that beyond any doubt, this conclusion is consistent with the observation that the phosphorylation of substrates in thylakoids is regulated by a specific kinase and phosphatase pair, as observed for the regulation of: (i) P-LHCII, involving STN7 and PPH1/TAP38 ; (ii) the phosphorylation of PSII core subunits, involving STN8 and PBCP (Nath et al., 2013b ).
In conclusion, CP29 phosphorylation is involved in photoprotection (Mauro et al., 1997; Betterle et al., 2015) and caused a protein conformational change (Croce et al., 1996) . Based on our data, we hypothesize that the activity of STN8 kinase is necessary for the repair of photodamaged PSII though phosphorylation of D1 subunit of PSII, a step essential for the PSII repair cycle (Pesaresi et al., 2011; Tikkanen and Aro, 2012; Nath et al., 2013b) . In addition, the phosphorylation of CP29, which occurs in the same photoinhibitory conditions, ensures the maintenance of a quenched state of the PSII antenna system (Mauro et al., 1997) . This is useful to minimize reactive oxygen species production during the disassembling and repair of damaged PSII. In order to confirm this hypothesis for the function of CP29 phosphorylation, the analysis of a mutant depleted of CP29 phosphorylation site will be of the utmost importance.
EXPERIMENTAL PROCEDURES Plant materials and growth condition
Oryza sativa stn8 mutant was obtained from a T-DNA insertional mutant library (Nath et al., 2013a) , whereas stn7 and pph1 mutants were, respectively, obtained from Oryza Tag Line and RMD rice mutant libraries (Betterle et al., 2015) . Plants were grown in a greenhouse at 35/28°C (day/night) with natural light during warm seasons. Leaves detached from rice plants were darkadapted for 2 h and then treated with HL (1500 lmol photons m À2 sec
À1
) using halogen lamps filtered by a 1-cm water layer to remove infrared radiation. To induce LHCII phosphorylation, darkadapted leaves were treated for 1 h with orange light at 100 lmol photons m À2 sec À1 (30 W warm white fluorescent lamps filtered through Lee Filters 105 Orange) as previously reported (Pesaresi et al., 2009 ).
Membrane isolation
Functional chloroplasts/thylakoids were isolated as previously described (Casazza et al., 2001) . Grana membranes were prepared according to a previous report (Morosinotto et al., 2010) .
Sucrose gradient fractionation
Membranes corresponding to 150 mg chlorophyll were washed with 5 mM EDTA and then solubilized with 0.6% b-DDM (Figure 3 ) or a-DDM (Figure 7) . Solubilized samples were then fractionated by ultracentrifugation in a 0.1-1 M sucrose gradient containing 0.03% of the detergent used for thylakoid solubilization and 20 mM HEPES, pH 7.5 (SW60 Ti Rotor, 5 h 30 min at 60 000 rpm, 4°C).
Pigment composition
Chlorophyll a/b ratio of isolated membranes was analyzed by fitting the spectrum of the 80% acetone-extracted pigments with the spectra of the individual pigments in acetone as described previously (Croce et al., 2002 (Croce et al., ). 1970 , with the addition of 2 M urea to the running gel to separate phosphorylated and unphosphorylated CP29 polypeptides. For Western blot analysis, chloroplast or thylakoid samples were loaded on SDS-PAGE and electroblotted on nitrocellulose membranes or polyvinylidene fluoride membranes (0.45 lm pore size; Millipore). Proteins were detected using homemade anti-CP29, anti-CP43, anti-LHCA, anti-Rubisco, anti-STN7 or anti-STN8 antisera, all raised in rabbit, and an alkaline phosphatase-conjugated secondary antibody (Sigma-Aldrich, St. Louis, MO, USA). In the cases of anti-STN7 and anti-STN8 antisera, recombinant A. thaliana mature STN7 and STN8 were provided by Prof. Jean David Rochaix (University of Geneva) and used for rabbit immunization. For immunoblotting analysis using anti-CP29 antibody (Agrisera, Vannas, Sweden), thylakoid samples were isolated as previously described (Oh et al., 2009) . For detection of phosphoproteins, anti-P-Thr polyclonal antibody (Cell Signaling, Danvers, MA, USA) was used. Signal amplitude was quantified using GelPro 3.1 software (Bio-Rad, Hercules, CA, USA).
Expression of recombinant proteins
OsPbcp gene sequence was identified upon alignment of AtPbcp gene sequence with rice genome. Chloroplast transition peptides of Stn7 (LOC_Os05g47560), Stn8 (LOC_Os05g40180) and Pbcp (LOC_Os01g07090) gene products were determined using ChloroP method. cDNA sequences of the predicted mature proteins were cloned into pDEST17 (Invitrogen, Waltham, MA, USA), a Gateway compatible vector to allow for Nterminal 6x-His tagging, and expressed in E. coli strain BL21. Recombinant proteins were purified using a protocol described previously (Paulsen et al., 1993) and resuspended in denaturant solution (Tris 20 mM pH 7.4, NaCl 300 mM, urea 6 M). Denatured proteins were loaded in Ni-Sepharose column, and elution of tagged proteins was performed in a solution containing Tris 20 mM pH 7.4, SDS 0.2% and 200 mM imidazole. Denatured rPBCP was reconstituted as recently described (Pribil et al., 2010) . Subsequently, 1 lg phosphatase was incubated together with thylakoid membranes corresponding to 1 lg total chlorophylls. The dephosphorylation reaction was performed in 100 lL containing 0.03% (w/v) a-DDM, NaCl 100 mM, 10 mM MnCl 2 , 10 mM DTT, 20 mM HEPES (pH 7.5), at 25°C for 2 h and overnight. The reaction mixture was precipitated in cold acetone and then loaded on a SDS-PAGE. Immunoblot was finally performed using anti-CP29-or anti-P-Thr-specific antibodies, as described above.
